The effect of L-carnitine supplementation during pregnancy and lactation on performance parameters of sows was studied. The trial comprised a total of 127 sows (40 gilts, 87 mature sows) which were divided into a control and a treatment group. All animals were fed individually and received basic feed mixtures for pregnancy and lactation with low carnitine concentrations (gestation diet: 4.7 mg/kg feed, lactation diet: 12.5 mg/kg feed). The rations of the sows in the treated group were supplemented with 125 mg L-carnitine per head and day during pregnancy and 250 mg L-carnitine per head and day during lactation. The animals of the control group received identical feed mixtures in identical amounts, but without the L-carnitine supplement. L-carnitine supplementation resulted in higher sow liveweight gains between day 1 and day 85 of pregnancy. The number of piglets per litter and the number born alive did not differ between the control sows and those treated with L-carnitine. However, the L-carnitine-supplemented sows produced only half as many non-viable piglets as the control animals. Moreover, litter weight and mean birth weight of piglets from L-carnitine-treated sows were higher than in the control sows. This effect was more marked in gilts (+8% higher litter weight, +9% higher piglet weight) than in sows (+7% and +6%, respectively). Piglets from sows whose ration was supplemented with L-carnitine showed higher liveweight gains during the suckling period (+12% for gilts, +4% for sows), which is why litter weights post weaning were also higher among the sows treated with L-carnitine than in the control sows (+14% for gilts, +10% for sows). Overall, the study shows that dietary supplementation with L-carnitine during pregnancy and lactation improves the reproductive performance of sows.
Introduction
L-carnitine, which plays a major role in b-oxidation of fatty acids, has been used increasingly in livestock and sport animals in recent years. Feeding trials are designed to investigate whether dietary L-carnitine supplementation is capable of improving performance characteristics of livestock (HARMEYER and SCHLUMBOHM 1997) . Such studies have been conducted in sport horses (FOSTER et al. 1989; WOLFE et al. 1978) , dairy cows (LACOUNT et al. 1995) , laying hens and broilers (HARMEYER and BAUMGARTNER 1998; RICHTER et al. 1998) , fattening pigs (OWEN et al. 1997) , suckling and weanling pigs (KERNER et al. 1984) , but also in boars and sows (WITTEK et al. 1999) . Positive effects of dietary L-carnitine supplementation on performance parameters of sows in particular have been reported recently, although the observed effects were not very consistent. Thus a study by HARMEYER (1993) showed that L-carnitine supplementation of sows during lactation leads to increased liveweight gains of piglets during the suckling period. MUSSER et al. (1999a) , on the other hand, were unable to con®rm this effect. Only one single study exists concerning a potential effect of L-carnitine supplementation in sows during pregnancy (MUSSER et al. 1999b) , showing a positive impact on the birth weight of piglets. In general, our understanding of the effect of L-carnitine supplementation is still poor. This prompted us to conduct a trial under practical conditions in order to investigate the effect of L-carnitine supplementation during pregnancy and lactation on performance parameters of sows.
Materials and methods
The trial was conducted in a sow unit holding about 300 Leicoma sows. In the preceding year the sow unit achieved an output of 2.18 litters and 18.8 piglets reared per sow and year. The trial ran from September 1999 to April 2000. As the trial was integrated in the production operation the sows were divided weekly (eight sows per group) by liveweight and age into a treated and a control group. The population used for the trial described here is presented in Table 1 .
The pregnant sows were kept in crates with part-slatted¯oors and the nursing sows in farrowing pens with crates. All animals were fed individually throughout pregnancy and lactation. Two commercial, nutritionally balanced feed mixtures (Deuka gravisan Ò and Deuka lactosan Ò , Deuka Deutsche Kraftfutterwerke GmbH, Du È sseldorf, Germany) provided the basal ration (see Table 2 ). For sows in early pregnancy, Deuka gravisan Ò was fed from day 1 to 84 of pregnancy, with each animal receiving exactly 2.5 kg daily. Between day 85 of pregnancy and day 28 of lactation the sows were fed the lactation diet (Deuka lactosan Ò ). The daily feed allowance per sow from day 85 to day 114 of pregnancy was 2.5 kg. On the day of farrowing, the sows received 1.5 kg, rising to 3 kg daily on day 1 and 2 of lactation and 4.5 kg daily on day 3 and 4 of lactation. Between day 5 and 28 of lactation the sows received 6 kg feed daily. The animals were fed once daily (08.00 h) until day 108 of pregnancy, thereafter three times daily (08.00 h, 13.00 h, 17.00 h) until the end of lactation, one-third of the daily allowance being dispensed at each meal. The native dietary concentration of carnitine as determined by a radiometric test procedure (RICHTER et al. 1998 ) was low ( Table 2 ). The sows of the treated group received a daily supplement of 125 mg L-carnitine (Carniking 50 Ò , Lohmann Animal Health, Cuxhaven, Germany) from the day of weaning (sows) or the day of mating (gilts) to farrowing; the supplement was added to the ration in the form of a premix (1 : 100) in wheat bran. During lactation each animal in the treated group received 250 mg L-carnitine daily (Carniking 50 Ò ), again as a premix in wheat bran. The diet of the control group was supplemented with an identical amount of wheat bran, but without the added L-carnitine. The premixtures were administered to each animal individually using a cup. Water was available to all animals ad libitum via nipple drinkers. After farrowing the litter sizes were equalized within the two groups so that each sow had between 10 and 12 piglets. The piglets, from 7 days old, were offered a creep feed (Deuka primocare Ò ). Data were generated over one reproductive cycle. Of the 127 sows originally included in the trial, 35 dropped out; there were no differences between the control group (17 dropouts: seven gilts and ten sows) and the treated group (18 drop-outs: seven gilts, 11 sows) with regard to the drop-out rate or the reasons for exclusion (non-pregnant, returners, culls). The following performance parameters were recorded: liveweight gains of the sows between day 1 and 85 of pregnancy; total number of piglets born, born alive, ®t for rearing and reared per litter and sow; litter weights and individual piglet weights at birth and at weaning on day 28. The piglet weight was rounded up or down to the nearest 10 g at birth and to the nearest 100 g at 28 days of age. Piglets considered ®t for rearing were de®ned as healthy piglets with a birthweight of over 800 g. Unfortunately, it was impossible for technical reasons to record the liveweights of the sows at farrowing.
The data were evaluated using a statistics package (Statistica for Windows, Version 5.5, StatSoft, Inc.). A two-way analysis of variance was carried out, with the age of the the sows and dietary carnitine treatment as factor levels. The results tables contain means and standard deviations of the individual values.
Results
The sows' bodyweight development is summarized in Table 3 . L-carnitine supplementation lead to increased liveweight gains between days 1 and 85 of pregnancy (+14% compared with the controls). The postweaning liveweights of the gilts whose diet was supplemented with L-carnitine were also slightly higher than in the control group. The effects were similar for gilts and sows. However, because of wide variations, especially in postweaning liveweights, no signi®cant differences emerged for this parameter either.
Litter sizes and litter development have been summarized in Table 4 . The number of piglets born per litter did not differ between the control and the treated group, for neither gilts nor sows. The rate of stillborn piglets was relatively high in the examined sow population, although there were no differences between the two groups. It was noted, however, that the rate of non-viable piglets with a birthweight of less than 800 g, which were subsequently culled, was only half as high in the treated group as in the control group. This is why the number of piglets considered ®t for rearing and the number of weaned piglets were slightly higher in the sows whose diet had been supplemented with L-carnitine than in the unsupplemented control group. These effects occurred equally in gilts and sows. Litter weights and mean birth weights of the piglets are shown in Table 5 . The sows whose diet was supplemented with L-carnitine produced slightly heavier litters. This effect was evident both among the sows (+6%) and the gilts (+8%), although the differences are not statistically signi®cant due to relatively wide variations. Birth weights were signi®cantly higher among piglets from L-carnitine-treated sows than from control sows (+7%). The effect was slightly more marked in gilts (+9%) than in sows (+6%).
Piglet development during the suckling period is shown in Table 6 . The mean duration of the suckling period was identical in both groups. As piglets born to gilts had slightly lower liveweights than those born to mature sows, the suckling period of piglets from these sows was 5 days longer than that of piglets from mature sows. Gains of complete litters and individual piglets were higher for sows whose diet was supplemented with L-carnitine than for control sows (+12% and +6%, respectively). This effect was most marked among the gilts. In this age category, L-carnitine supplementation gave an outperformance of 16% for litters and 12% for individual piglets. The corresponding values for sows were +10 and +4%. The piglet cull rate during the suckling period was identical in both groups at 8%.
Discussion
This study shows that L-carnitine supplementation of diets containing little native carnitine tends to increase the liveweight of sows and improves their reproductive performance. It was noted in particular that L-carnitine supplementation resulted in heavier piglets and fewer non-viable piglets being born. Furthermore, it was apparent that piglets from sows whose diet had been treated with L-carnitine also had distinct growth advantages during the suckling period. The number of piglets born was unchanged, however, which suggests that L-carnitine supplementation did not affect the number of fertilized oocytes. The observations of this study are in broad agreement with those of MUSSER et al. (1999b) who recently investigated the effect of L-carnitine supplementation in sows during pregnancy and lactation in separate experiments. The observation that L-carnitine supplementation leads to a marginal weight increase of sows during pregnancy is dif®cult to explain Percentage of total number of piglets 77 Effect of L-carnitine supplementation on performance parameters in gilts and sows biochemically. A similar observation was made by MUSSER et al. (1999b) . The study by MUSSER et al. (1999b) suggests that sows store more adipose tissue under the in¯uence of L-carnitine. This observation is at variance with ®ndings in growing pigs where L-carnitine supplements reduced fat deposition as a result of increased b-oxidation (OWEN et al. 1997) . There is clearly a big difference between the physiological situation of pregnant sows and that of growing pigs (MUSSER et al. 1999b) .
The observation that L-carnitine supplementation causes heavier piglets and fewer nonviable piglets to be born suggests that L-carnitine improves the nutritional status of the fetuses. The principle of the biochemical function of L-carnitine is its involvement in the transport of activated fatty acids through the inner mitochondrial membrane (FRITZ and MARQUIS 1965) . While dietary triglycerides are incapable of crossing the placenta (KNOPP et al. 1986 ), free fatty acids derived from maternal lipolysis can enter the fetal blood through the placenta (CAMPBELL et al. 1995) . It is therefore conceivable that the fetus can extract more energy from free fatty acids under the in¯uence of an increased maternal concentration of L-carnitine in the blood. But a more likely explanation is that L-carnitine indirectly improves the nutritional status of the embryo or fetus. Thus, the study by MUSSER et al. (1999b) shows that sows whose diet was supplemented with L-carnitine had elevated levels of insulin and IGF-1 in the plasma at different times during pregnancy. Insulin and IGF-1 cannot cross the placenta and are therefore unable to exert a direct effect on the embryo or fetus. It is therefore more likely that indirect effects of these hormones, especially an increased concentration of glucose, which is transmitted to the embryo or fetus, are responsible for improved intrauterine growth. IGF-1 is known to raise blood glucose levels. Glucose derived from maternal blood is the principal source of energy for fetal growth. This phenomenon is known from pregnant women with diabetes mellitus, whose fetuses show accelerated intrauterine growth due to hyperglycaemia (DOOLEY and METZGER 1980 ). An indication of a link between secretion of IGF-1 and improved fetal growth is provided by the observation that administration of porcine growth hormone to sows at certain times during pregnancy promotes increased formation of fetal muscle cells and hence higher birth weights of piglets (REHFELDT et al. 1993 ). An improved nutritional status, in particular an increased supply of glucose, might also explain why the fetuses of the gilts bene®ted most from L-carnitine supplementation. The observation that L-carnitine supplementation of the dams resulted in fewer non-viable piglets being born also suggests that L-carnitine treatment improves intrauterine nutrition. An improved nutrient supply accelerates fetal maturation.
According to the study by MUSSER et al. (1999b) , the positive effect of L-carnitine is restricted to the period of gestation, whereas administration of L-carnitine during lactation provided no growth bene®ts whatsoever for the nursing piglets. However, it is interesting that in our study a very distinct growth advantage was observed during the suckling period in piglets whose mothers were treated with L-carnitine. This phenomenon might also be explained by an increased formation of muscle cells during pregnancy under the in¯uence of an improved intrauterine nutritional status. Given an adequate nutritive supply, a larger number of muscle ®bres implies a more rapid accretion of muscle mass (WIGMORE and STICKLAND 1983) .
To summarize, this study shows that supplying the maternal organism with L-carnitine enhances intrauterine growth. The fact that L-carnitine supplementation of a carnitine-poor ration induces these positive responses suggests that the endogenous synthesis of carnitine, which starts with the precursors lysine and methionine and involves ascorbic acid, niacin, vitamin B 6 and iron as co-factors, is inadequate for optimal performance although suf®cient precursors were supplied in the ration. Modi®cation of intrauterine growth by dietary L-carnitine supplementation is of interest not only with regard to birth weights and weaning weights of piglets, but might also play a crucial role in the subsequent growth of the weaned piglets.
